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Introduction
Protein engineering is a powerful tool for modification of the structural, catalytic and binding properties of natural proteins and for the de novo design of artificial proteins. Although amino acid replacement is normally limited to the twenty proteinogenic amino acids, it is becoming increasingly clear that incorporation of non-natural amino acids can extend the scope and impact of protein engineering methods [1, 2] .
We have previously exploited the ability of auxotrophic Escherichia coli strains to effect efficient incorporation of amino acid analogues into proteins in a multi-site fashion. The method is simple and produces high protein yields, and incorporation of the analogue at multiple sites offers significant advantages with respect to control of protein properties such as thermal and chemical stability [3] [4] [5] [6] .
In this study, we report a computationally designed variant of the E. coli phenylalanyl-tRNA synthetase (PheRS), which allows efficient in vivo incorporation of aryl ketone functionality into proteins. In 1991, Kast and coworkers [7] [8] [9] introduced a variant of the E. coli PheRS (termed PheRS*), which bears an Ala294Gly mutation in the a-subunit and which thereby acquires relaxed substrate specificity. We have recently shown that over-expression of PheRS* can be exploited to effect efficient incorporation of p-bromo-, p-iodo-, p-ethynyl-, p-cyanoand p-azidophenylalanines into recombinant proteins in E. coli hosts (Chapter 2) [10] .
But similar experiments with p-acetylphenylalanine (2) failed; even in a host in which PheRS* was over-expressed, phe-depleted cultures supplemented with 2 did not produce substantial yields of protein.
Our interest in 2 arises from the chemical versatility of the side-chain ketone function, which can be chemoselectively ligated with hydrazide, hydroxylamino, and thiosemicarbazide reagents under physiological conditions [11] [12] [13] [14] . Cornish and coworkers have accomplished site-specific incorporation of ketone functionality into recombinant proteins via in vitro translation [15] ; however, at the time of this work there were no previous reports of in vivo methods of introducing ketone functionality into recombinant proteins.
We sought PheRS mutants that would allow efficient incorporation of 2 into recombinant proteins in vivo. The crystal structure of Thermus thermophilus PheRS complexed with 1 is available [16, 17] (Figure 3 .1) and while there is 43% overall sequence identity between the T. thermophilus PheRS and E. coli PheRS; sequence identity in the identified active site region is 80%. We therefore employed a previously described protein design algorithm [18] to identify potentially useful mutants of the T. thermophilus PheRS, with the intention to prepare and evaluate the corresponding mutant forms of E. coli PheRS. 
Materials and Methods
2 was purchased from RSP Analogs. Biotin hydrazide was purchased from Molecular Probes.
Computational redesign of the Thermus thermophilus PheRS active site
We used a protein design algorithm [18, 19] , ORBIT, to predict the optimal amino acid sequences of the binding pocket of PheRS from Thermus thermophilus (PheRS; PDB code: 1B70) [20] for binding to 2. Selection of amino acids for optimization is carried out using a very efficient search algorithm that relies on a discrete set of allowed conformations for each side chain and empirical potential energy functions that are used to calculate pairwise interactions between side chain and backbone and between side chains.
In our design calculations, optimization was performed by varying the torsional angles of the analogs and side chains lining the pocket simultaneously. This required generating rotamer libraries for the analogs, since they are not included in the standard rotamer libraries. For all the natural amino acids, the possible c 1 and c 2 angles are derived from database analysis. As this is not feasible in the case of 2, the closest approximations for c 1 and c 2 angles for 2 were taken to be the same as those for Phe. In addition, this could provide us a better chance to select for conformations of analogs that were as close as possible to the orientation of Phe in the binding pocket. Accordingly we generated a backbone independent rotamer library for analog 2. The torsional angles of substrate Phe complexed with T. thermophilus PheRS in the crystal structure (c 1 : -101 o ; c 2 : -104 o ) were also included in the new rotamer libraries for both Phe and 2. Charges were assigned only to the heavy atoms of the analog 2 to be consistent with the way that charges for the natural amino acids are represented in ORBIT.
Since the residues in the pocket are buried in the protein structure, we employed force field parameters similar to those utilized in previous protein core design algorithm. The design algorithm uses energy terms based on a force field that includes van der Waals interactions, electrostatic interactions, hydrogen bonding and solvation effects [21] . Calculations were performed by anchoring the substrate, 2, and varying 11 residues within 6 Å of the substrate in the binding pocket of PheRS (L137, V184, M187, L222, F258, F260, V261, V286, V290, V294, A314). At positions 137, 184, 258, 260, 261, 286, 290, 294 and 314 any of the 20 natural amino acids were allowed except proline, methionine and cysteine. Methionine was allowed at position 187 since it is the wild-type residue at this position; only hydrophobic amino acids were allowed at position 222. Most of these positions are buried in the core and a number of them pack against Phe in the crystal structure. The anchor residues (E128, E130, W149, H178, S180, Q183 and R204) were fixed both in identity and conformation in all the calculations. These residues make very important electrostatic interactions with the substrate and we reason that this kind of interaction is probably equally critical for analog 2. From the crystal structure it seems that the anchor residues hold the Phe zwitterions in a way that the carbonyl group of the zwitterions are close to the ATP binding site. This proximity could be important for reactions to form the aminoadenylate, the first step in aminoacylation. Since this reaction is required for amino acid incorporation into proteins in vivo, it seems important to make sure that the zwitterions of 2 are also anchored the same way as the natural substrate. 
Chemical modification of DHFR-2 with biotin hydrazide
Purified proteins (mDHFR-wt and mDHFR-2) were dissolved in 200 ml of PBS buffer (pH=6.0) and added to 20 ml of 5mM biotin hydrazide (BH, dissolved in PBS). Protein/BH mixtures were incubated at room temperature for 1 to 1.5 h.
Reaction solutions were then washed twice with distilled water using a bufferexchange column (Millipore, MWCO=5 kDa). Standard western blotting procedures were used to identify proteins modified with BH as well as those bearing an Nterminal hexahistidine tag.
Results and Discussion

Mutational predictions based on ORBIT calculations
The calculations identified two important cavity-forming mutations: Val261 (Thr251 in E. coli) to Gly, and Ala314 (Ala294 in E. coli) to Gly (Table 2 .1)( Figure   3 .2). These predictions are consistent with the results of Reshetnikova and coworkers [16] , who pointed out that Ala314 and Val261 hinder the binding of amino acids larger than phe (e.g., tyrosine) into the active site of PheRS. Further confidence in the prediction was engendered by the fact that the Ala294Gly mutant allows incorporation of an interesting set of para-substituted phenylalanines, as described earlier (Chapter 2). We were thus encouraged to test whether the additional Thr251Gly mutation would relax the specificity of PheRS* sufficiently to allow incorporation of 2 into proteins in vivo.
PAGE analysis of mutant synthetase effects on incorporation of 2 into mDHFR
The capacity of 2 to support protein synthesis in each expression system was determined by induction of mDHFR expression in phenylalanine-free minimal media supplemented with 2. As shown in SDS-PAGE analysis of whole cell lysates ( The histidine-tagged protein from the latter culture (mDHFR-2) was purified in a 
Selective modification of DHFR-2 with biotin hydrazide
We have completed preliminary studies of the reactivity of mDHFR-2 toward hydrazide reagents. Purified mDHFR and mDHFR-2 were dissolved in PBS buffer (pH 6.0) and treated either with 5 mM biotin hydrazide (BH) or with PBS buffer as a negative control. The reaction products were analyzed by western blotting and visualized by treatment with a biotin-specific streptavidin-HRP conjugate ( Figure   3 .5). The products were also examined for the presence of the 6xHis tag of mDHFR 
